As cell-level differences from person to person are gaining more attention, the idea of having personalised models of cell electrophysiology is growing ever more attractive. In this paper for the special session "Personalized medicine through integration of imaging and cardiac modeling", I briefly review the different pathways to personalisation and the challenges they present.
Introduction
Detailed models of the cardiomyocyte (CM) action potential (AP) have been used as the basis for multi-scale investigations into the healthy heart, arrhythmias, cardiomyopathies, and the effects of drugs or genetic mutations.While initially AP models were used exclusively to test mechanistic hypotheses or study difficult-to-measure variables, they are now used increasingly for prediction, e.g. in safety pharmacology [1] or clinical risk assessment in patients with genetic mutations [2] . At the same time, it has become increasingly accepted that person-to-person differences manifest even at the level of cell electrophysiology, and may need to be taken into account when modelling disease mechanisms [3] . If AP models could be personalised, mechanistic modelling studies could be repeated for individual patients and form the basis for diagnosis and tailored treatment, in the same way that personalised macroscopic models are used already [4, 5] . Figure 1 shows the different roads to personalisation. Conceptually, the most direct method is shown at the bottom, simply take all the cells of interest and perform the experiments needed to characterise them completely. The practical and ethical difficulties associated with this route give rise to the more complicated clouds of tailoring options shown above, as discussed in the remainder of this paper.
2.
Species-specific models: utopia?
Human-specific models are an obvious starting point for patient-specific models. But how much of their data is human, and how do we go about replacing it with fresh patient-specific data? Analyses such as [1, 6, 7] partially address the first question, and show that AP models are almost exclusively multi-species -in fact, while Hodgkin and Huxley's model was entirely squid, the first cardiac AP model already mixed species [8] and this has continued largely unchanged, the only exception perhaps being the rabbit model by Gray et al. [9] . A secondary (and solvable) problem that these analyses highlight is that AP model history is so complex that tracing the origins of model parameters is a challenging and time-consuming task. A partial solution to this problem, suggested in [10] , is to use tools such as CellML [11] and the Physiome Model Repository [12] to build a database of models and annotate the origins of equations and parameters, building a browsable network of model phylogeny. This would provide modellers with a weak description of model provenance; not fully explaining how a model was created but at least pointing to the relevant literature. A stronger provenance description could be made by formalising and storing model fitting procedures, with complete reference to the used algorithms and data sets. This is the aim of the Cardiac Electrophysiology Web Lab project [10, 13] , which would provide modellers with the information (and code) needed to completely reparametrise a model to patient-specific data.
Given an AP model, which parts can and should we personalise? At first glance, it seems a model's parameter values describe the quantities that can be measured and vary from person to person, while its equations reflect the shared physiological mechanisms, and so will not change. However, there are exceptions: the 1795insD mutation in the sodium channel gene SCN5A has been described using an extended Markov model formulation of I Na , containing states not found in the wild-type model [14] .
If we do restrict ourselves to parameter values, there are still parts that may be off-limits. For example, despite nearly 40 years of modelling there is still no consensus model or model structure for calcium dynamics, making it unlikely that calcium handling will be patient-specific soon. Similarly, the experimental difficulty of measuring small transporter or pump currents -key players in restoring ionic concentration gradients [7] -makes them under Figure 1 . Roads to patient-specific action potential (AP) models. Data from several subjects from several species, collected under varying circumstances, feed into a collection of myocyte models that then share and re-use equations and parameter values between them. By selecting a sub-population closer to the patient, these population data can be used to create a first line of tailored models. Further customisation is possible using minimally-invasive measurements (i.e. blood samples) to incorporate notable differences such as electrolyte imbalances or strong under/over-expression of channel genes. A different route is to use patient-derived cardiomyocyte-like stem cells (hiPSC-CMs), although this requires translation to the adult CM context (possibly using computational models). In some cases, myocytes can be obtained directly from patients undergoing an operation -but with the caveat that these might not be from the region we're most interested in, and may be affected by other disease mechanisms than the ones we're trying to study. Because the success-rate of experiments on such human samples is low, only a small part of their behaviour can be characterised, which is shown as "partial characterisation" in the figure. Finally, a hypothetical scenario is shown where all desired cell types can be fully (and non-invasively) characterised, leading to completely patient-specific models.
represented in the experimental and modelling literature and unlikely targets for personalisation.
Turning our attention to ion channels, we can make a distinction between maximal conductance parameters and the parameters describing current kinetics. A current's maximal conductance correlates with the number of channels in the membrane, and varies over time as channels degrade and are replaced (e.g. I Na and I Kr channels have a lifespan of 35 and 10 hours respectively [15, 16] ). This has made conductance parameters a natural target for population and patient-specific models [3, [17] [18] [19] . Finally, there is some evidence for variability in the kinetics of ionic currents [20, 21] .
3.
Patient-specific data: utopia?
A first step towards personalisation is to focus on an appropriate sub-population, e.g. by choosing a model appropriate to the cell type thought to be the origin of arrhythmic events, or by tailoring a model to a patient's age, ethnicity, or sex [22] . Similarly, models can be made to incorporate cell-level differences known to be associated with the patient's condition (e.g. electrical remodelling).
Some patient, but not heart-specific, data may also be obtained e.g. by partial sequencing, or measuring electrolyte or mRNA levels in blood samples. With care, and possibly the use of added population data, these may be used to include mutation effects, altered ionic concentrations, and coarse changes in ionic current densities.
In some cases, cardiac tissue samples may even be available, for example from atrial appendages. However, obtaining more than one or two measurements from a single patient is rare, so that these data have not yet been used for personalisation. The expertise required for these procedures is rarely found in a single centre, adding to the practical difficulties of this route.
Even in cases where human data are available, the experimental difficulty may necessitate measuring under nonphysiological conditions and subsequent correction of the measured values. Uncertainty in these corrections could overshadow patient-specific differences one hoped to apply (e.g. compare the 30 mV corrections to human I Na data employed in [23] to the mean voltage shift of around 5 mV caused by I Na mutations [24] ).
A final way of obtaining patient-specific data is to perform electrophysiological measurements in patientderived hiPSC-CMs. Genetically, hiPSC-CMs are an ideal model for the patient's myocytes, but it remains to be determined how much of a myocyte's behaviour is genetic, and how much is defined by its environment and history. While early investigations showed marked differences between hiPSC-CM and adult CM electrophysiology [25] , many advances in the hiPSC maturation process have since been made (e.g. [26] ).
If we accept that hiPSC-CM electrophysiology does differ from that of native myocytes, the question arises how to translate results in hiPSC-CMs to the adult CM context. One method that has been used is to measure stem cells derived from both the patient and a sibling (e.g. one without a particular ion channel mutation), and then inspect the differences [27] . A second option would be to investigate a proarrhythmic mechanism (e.g. the formation of an EAD) in the stem-cell context, using stem-cell measurements and a model of the stem-cell AP [28, 29] . This mechanism could then be recreated in a native myocyte model, by manual tuning of its parameters. Whether or not the advantages of these methods outweigh the added cost compared to e.g. heterologous expression experiments remains an open question.
4.
Cell-specific models: utopia?
Given both a good baseline model and patient-specific tissue samples, can we create patient or even cell-specific models? Typical experiments focus on a single aspect, e.g. a single current, and then use averaged data from several cells for analysis. However, studies have shown that at least to some extent, it is possible to measure multiple currents in a single CM [30] . Similarly, multiple maximum conductances can be estimated from recordings in a single cell [18, 31] , including hiPSC-CM [32] . These studies, however, start from the assumption of perfect knowledge of the ionic current dynamics, and point to this as an area where their methodology can be improved. Rapid methods to characterise ion current dynamics have recently been developed [21, 33, 34] and show promising results. However, a study has yet to appear that attempts this approach for more than one current, or extends it to other areas such as calcium handling or pumps and exchangers.
Conclusion
Arguably, personalised cell models have been around at least since 1999, when Clancy and Rudy incorporated a patient-specific mutation into an AP model [14] . But a fully personalised model, where every parameter is patient-derived, still seems a distant dream. Interestingly, many of the challenges encountered trying to move forward in this way uncover unsolved problems from the past: Do we understand native CMs well-enough that we can translate our novel stem-cell findings to them? Have we been careful enough in documenting the data sources and fitting procedures for our models? And are we learning enough, and quickly enough, from our routine experiments? These fundamental challenges will need to be addressed to make personalised cell modelling a reality.
